We explored the possibility that Higgs coupling to new physics violates flavor universality. In particular, we parameterize such models with dimension-six effective operators which modify the coupling between the first generation quarks, Higgs boson, and Z boson. Through the use of boosted Higgsstrahlung events at both the HL-LHC and potential future hadron colliders, as well as existing ATLAS data for background estimates, we projected constraints on the scale of new physics as a function of the Wilson coefficient. The high energy Zh process will provide unique information about these class of operators, and the sensitivity is competitive with the LEP electroweak precision measurements. We include different scenarios of the overall systematic uncertainties and the PDF uncertainties when presenting the projected sensitivities. We also discuss the constraints from FCNCs to these flavor-violating models and the complementarity of the exotic Higgs decay to the Zh process.
I. INTRODUCTION
The Standard Model (SM) is often perceived as complete with the discovery of the Higgs boson in 2012 [1, 2] . Below the electroweak (EW) scale, the predictive power of the SM is immense, providing a mechanism for elementary particles to obtain masses and accurately predicting rates of particle scattering. However, many puzzles remain to be explained, such as the origin of the electroweak scale and the flavor structure of the SM. These puzzles indicate the existence of new physics (NP) beyond the Standard Model (BSM). Once all massive BSM particles have been integrated out, their effects will be encoded in the Wilson coefficients of higher-dimensional operators involving SM particles. In a flavor-universal theory, there is one dimension-5 operator and 59 dimension-6 operators up to hermitian conjugation [3] . For most processes accessible at colliders, the leading order correction to the SM is dimension-6.
The Higgs doublet presents in a large number of these operators. Hence, the constraint on the new physics scale Λ NP is typically associated with processes involving either the Higgs or the longitudinal modes of the gauge bosons. These constraints can be obtained from future Higgs factories, where measurements are very clean. Even in the scenario of cancellations among operators, it is still possible to probe new physics up to O(10) TeV [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Note that the current studies and analyses of the Higgs physics at current and future colliders focus more on the universal theories, especially where electroweak precision observables (EWPO) enter. However, in general, BSM theories, such as supersymmetry, composite * wenhan@uchicago.edu † zliuphys@umd.edu ‡ liantaow@uchicago.edu
Higgs, as well as quark flavor models, the third generation and the first two generations can be considerably different [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The constraints from LEP measurements on such new physics scenarios are rather weak.
The high center-of-mass energy at the Large Hadron Collider (LHC) leads to an enhancement of the new physics effect which scale with a higher power of energy compared to the background [25] [26] [27] [28] [29] [30] [31] . The sensitivity can be further enhanced at future hadron colliders at higher energies, such as the 27 TeV high energy upgrade to the LHC [31, 32] , and a pp collider in a 100 km tunnel with possible beam center of mass energy at 37.5 TeV [33, 34] and 100 TeV [33, 35, 36] . Moreover, the hadronic initial states imply good constraints on light-quark operators by high statistics from the parton distribution function (PDF). Hence, these hadronic colliders are the best place to search for flavor universality violations, in particular between the first generation of quarks associated with the Higgs boson. In this work, we will focus on probing flavor non-universal theories. Without loss of generality, we show most of the results for the example of up-type flavor operators, which has the best sensitivities at proton-proton colliders. The result can be extended to other scenarios via the appropriate parton luminosity rescaling and also possibly the final state selection.
The structure of this paper is as follows: in Sec. II, we will introduce the new physics scenario we are considering in this paper. In Sec. III, we will present the projected constraints at both the High Luminosity (HL) LHC and potential future hadron colliders. The possible existing constraints from flavor physics will be discussed in Sec. IV. The complementarity of this study with exotic Higgs decay will be discussed in Sec. V and lastly, we will conclude.
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II. FLAVOR NON-UNIVERSAL SCENARIO
The flavor non-universal operators associated with the first generation are listed in Table I .
TABLE I. The set of operators with an energy-enhanced contribution to the pp → V h, V V amplitudes.
These operators can be classified based on the so-called high energy primaries associated with a given diboson process [29, 37] . These are the primary observable in the high-energy limit. The Wilson coefficient of the O Hu is a high-energy primary associated with
There are existing studies in both of these channels, though only the W W channel has been studied in the flavor non-universal scenario [38, 39] . For the operators O HQ , the contribution to the W W channel is enhanced relative to Zh due to the inclusion of the t-channel diagram. As a result, one can expect more stringent constraints on the Wilson coefficients of these operators from the W W process. To determine the overall reach in the parameter space of non-universal models through Zh production, we focus on the contribution of O Hu . The result of the other operators can be parameterized and derived similarly.
To begin with, the effective Lagrangian with dimension-6 operators involving up type quarks is
where i, j are flavor indices. For now we focus on the scenario in which the only nonzero coupling is g uu = 1. Moving to the mass eigenstate basis, we get
where U R is the unitary matrix which alongside U L diagonalizes the mass matrix. Due to the small charm fraction in the parton distribution functions and the typical smallness of the off-diagonal terms of the rotation matrices in most flavor models, we expect their contributions to be negligible. Hence, we will neglect the contribution from the off-diagonal terms for the Zh process. Moving to the EW broken phase, we have
This interaction term gives us the relevant Feynman rules for Zh:
where c w and s w (in later text) denote cos θ w and sin θ w of the Weinberg angle θ w with s 2 w 0.23, and g is the SU (2) gauge coupling.
III. DETAILED ANALYSIS
To obtain projections on the sensitivities, one million pp → Zh events were generated in MG5 aMC with the operator implemented using a UFO file generated in FeynRules [40] [41] [42] . The Wilson coefficient normalized with a NP scale of 1 TeV, c Hu /Λ 2 TeV , was varied from -1 to 1 in increments of 0.1. The data were then scaled to match the number of expected events for a given integrated luminosity. Next, the signal was split into bins of 150 GeV, matching roughly the energy resolution of the Zh system invariant mass over a large range. The number of signal events as a function of the Wilson coefficient was obtained by interpolation.
The SM background under 3 TeV was estimated using the 2017 ATLAS search on heavy resonances to Zh final state [43] . Above the 3 TeV threshold, the background was modeled by fitting the tail of the data to an exponential function, equivalent to a fixed selection efficiency for high invariant mass regions of the background.
Our signal Z and h with subsequent decays into dileptons and bb were multiplied by the corresponding decay branching fractions respectively, to match the final state of the ATLAS search. A p T > 300 GeV cut and a |η| < 2.5 cut were applied to the Higgs. A universal cut efficiency was then imposed on the signal events to match the number of Standard Model events computed in the ATLAS search.
A binned likelihood test was performed by defining the significance, Z, of each bin as a function of the Wilson coefficients, e.g., c Hu /Λ 2 TeV for signal and background numbers of events of s and b, as
where δ b is the uncertainty [44] . The 2σ constraint up to a given center-of-mass energy, √ŝ , was computed by adding the significance of bins with m Zh < √ŝ in quadrature and solving for i Z
When calculating the sensitivities for future hadron collider, signal events were obtained in the same manner as the HL-LHC calculation. For the background, a differential rescaling was performed by computing the ratios of the parton luminosity at each mass bin using ManeParse 2.0 [45] and the NNPDF23 nlo PDF set [46] yielding a background estimate for √ŝ < 14 TeV. As the effective theory is only well-defined for energy scales below the cut-off, our constraints are physically meaningful ifŝ < Λ 2 . Hence, only bins withŝ < Λ 2 will be used in calculating the sensitivities.
For the uncertainty used in our analysis, a 5% universal systematic and statistical uncertainty was assumed. However, it should be noted that for bins with larger invariant masses, the theoretical uncertainty from the choice of factorization scale increases. This increase of uncertainty can be estimated by performing the analysis with the factorization and normalization scale set to be 0.5, 1, and 2 of Q 2 /m 2 T . Here, m T is the transverse mass of the system. We show the sensitivity to the new physics scale with these different choices of the scales in Fig. 1 . The scale dependence of our sensitivity as discussed earlier, grows with center of mass energy, up to roughly 3% with the Zh center of mass energy at 4 TeV. To take the scale dependence into account, we assumed the per bin PDF uncertainty is Gaussian and defined it as:
where n i is the number of events in the ith bin after imposing the appropriate cuts. This was added to our systematic uncertainty linearly. For regions of parameter space beyond our benchmark point, we redid the calculations with different values of c Hu . The regions of parameter space that can be probed are given in Fig. 3 . For comparison, the constraints from a corresponding lepton collider were also included in the plot. The LEP constraints were obtained by looking at the shift in g Z,u R induced by our operator and fitting to the number provided in Ref. [47] . The CEPC projections were obtained from Ref. [14] , assuming flavor universality. This assumption will result in a more optimistic estimate as the EWPO will also receive contributions from the other generations. In addition, we also include the reach from pp → W W for HL-LHC by translating the constraint on g Z,u R into a constraint on c Hu /Λ 2 [38] . From the figure, we can see that Zh production is indeed com-petitive to other direct and indirect probes over a large range of parameter space. The constraints on the scale of new physics for models with different values of cHu which can be probed by Higgsstrahlung at HL-LHC (above) and potential future hadron colliders (below) using only bins satisfyingŝ < Λ 2 . For comparisons, the existing constraints from LEP and the reach from diboson at HL-LHC was also included for the HL-LHC plot while a next generation lepton collider reach was included for the future collider plot.
To ensure that neglecting dimension-8 operators is well justified, its contribution must be small relative to the dimension-6 operators. First, we can compute the change in the matrix element in powers ofŝ. 
where e is the electric coupling constant around 0.3.
Noting that the coefficient of the quadratic piece is an order of magnitude larger than the linear piece, the contribution from |O d=6 | 2 will dominate once c Huŝ /Λ 2 O(0.1). Given the same suppression of Λ 4 , the contribution from dimension-8 operators should be estimated as well.
As dimension-8 operators do not generate any new vertices which contribute to Zh production at tree-level, they contribute by modifying the vertex factors in Eq. (4). So one can estimate the leading contribution by taking the linear piece in Eq. (7) and replacing
where the i, j indices denote the different legs in the Feynman diagram and a i is some O(1) number. So, in models where the Wilson coefficients of the dimension-8 operators are less than or comparable to the dimension-6 operators, the leading contribution from dimension-8 are estimated to be smaller than dimension-6 and dimension-6 squared. In cases where dimension-8 operators Wilson coefficients being larger than dimension-6, one should view our constraints as those on a given linear combination of the Wilson coefficient of dimension-6 and dimension-8 that can be absorbed into the dimension-6 operators. For instance, dimension-8 operators derived with additional H † H insertions to the dimension-6 operators can be captured by redefining the dimension-6 operators' coefficients concerning the Zh process considered in this work. The estimation of the sensitivity to new physics scale Λ for Wilson coefficient of order unity remains the same.
IV. FLAVOR PHYSICS CONSTRAINTS
The type of flavor models that we are looking at has non-trivial constraints from flavor changing neutral currents (FCNC). From Eqs. (2) and (3), the operator which directly contributes to FCNC via D 0 −D 0 mixing is
Integrating out the Z propagator gives the effective operator:
From Fig. 4 , it can be seen that at dimension-6, SM process contributes to the operatorū L γ µ c LūL γ µ c L while the SM-EFT cross terms contributes to operators of the formū L c LūR c R . Thus, the leading contribution to the operatorū R γ µ c RūR γ µ c R is the EFT only term. The Wilson coefficient of this operator has been constrained giving us [48] 
This gives us a constraint on the Wilson coefficient of the operator that depends on the flavor model of interest. As a benchmark model (benchmark theory 1), suppose that
A subset of diagrams which contribute to D0 − D0 mixing to illustrate the parametric dependence for each ∆C = 2 effective operators.
In addition, one could consider constraints from the operatorū L c LūR c R . The dominant contribution comes from the bottom quark, so Wilson coefficient is on the order of
Clearly, the constraints on our Wilson coefficient from this operator is Λ/ √ c Hu > ∼ 6 TeV, weaker than the previous one.
These flavor constraints appear to be very strong in a generic flavor violating theory. However, we can consider models where the operator under considerations applies to the first two generations universally, maintaining a U (2)
2 -flavor symmetry in the quark sector (benchmark theory 2). These types of models can be motivated due to the large mass gap between the second and third generation [23, 24] . In this scenario, g ij = diag (1, 1, 0) . The LHC constraints are not expected to change by much due to the limited charm fraction in the large x region. In the mass eigenstates, we now have
As U R is unitary, the term in the parenthesis is equal to −U † R,ut U R,tc . Due to the smallness of the corresponding CKM elements, this quantity is naturally small in most flavor models. This relaxes the constraints given by Eq. (9) 
The U (2)-flavored quark sectors also modifies Γ(Z → cc); which has been measured to about 1.6% accuracy [49] . In the small charm mass limit, the fractional change in the Z → cc width is given by:
For comparison, constraints for the benchmark flavor models were plotted on top of the collider. From Fig. 5 , the reach from W W production is comparable to the region ruled our by FCNCs for the partial universal theory (benchmark theory 2). Higgsstrahlung at a 37. rable to the region ruled out by existing FCNC measurements for the fully flavor non-universal theory (benchmark theory 1).
V. COMPLEMENTARITY TO HIGGS EXOTIC DECAY
The Higgs physics exotic decays [50] are also modified by these operators. The operator O Hu contributes directly to h → Zuū decay through two additional diagrams. The first by shifting g R and the second by generating a contact term.
The additional diagrams contributing to h → Zuū.
The shift on the branching ratio was computed using the same model file with MG5 aMC, shown in Fig. 6 as a function of the Wilson coefficient over operator scale squared. We can see the interference term dominance and generically the shift of the order 10 −5 − 10 −6 . The future lepton collider Higgs factories will produce around one million Higgs bosons in a clean environment. In principle, the modification can be measured as an exclusive mode, especially with charm-quark flavor tagging. Furthermore, in contrast to the H → ZZ * , this channel would exhibit different kinematic features.
Assuming an upper limit in this channel of 10 −5 and 3 × 10 −6 , we can probe c Hu /Λ 2 TeV up to order unity and 0.3, respectively. With a dedicated search, this may further improve. Although not competitive to the high energy probes, this channel does provide a complementary probe to the same physics and will help reveal the nature of the underlying physics.
VI. CONCLUSION AND OUTLOOK
Parameterizing the effects of new physics with nonrenormalizable operators, we have studied the potential reach of the HL-LHC and future colliders which modify the Z, h, and quark couplings in flavor non-universal models. With a binned-likelihood test, we determined that Zh production is the optimal diboson process to yield constraints on the dimension-six operator, O Hu and O Hd , beating the constraints from LEP and the W W production at the HL-LHC. With detailed analysis, we show the projected sensitivity of the Zh process on these operators at the HL-LHC, HE-LHC, and FCC, in comparison with the flavor constraints and future lepton collider projections. We show that the Zh process does show competitive sensitivities to that these operators.
Depending on the choice of right-handed rotations, a portion of the parameter space for flavor non-universal models not excluded by existing FCNC measurements can be tested by the Higgsstrahlung process. For instance, Higgsstrahlung can exclude a much more significant portion of the first 2 generation partial universal theories than what is currently excluded by measurements. This study also shows the exotic Higgs decay searches at future Higgs factories being complementary to the high energy Zh process. Should future measurements establish any deviations in quark couplings, our proposed measurements will help reveal the flavor nature of the underlying new physics.
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